Abstract It remains unexplored in what way osteogenic stimulation with dexamethasone, ascorbic acid and β-glycerol phosphate (DAG) influences the process of mineralization, the composition and structure of the assembled mineral. Therefore, we analyzed and characterized biomineralization in DAG-stimulated and unstimulated 3D human unrestricted somatic stem cell (USSC) cultures. Microspheres were analyzed by histological staining, scanning electron microscopy (SEM), semi-quantitative energy-dispersive X-ray spectroscopy (EDX), quantitative wavelength-dispersive X-ray spectroscopy (WDX), transmission electron microscopy (TEM), selected area electron diffraction (SAED) and Raman spectroscopy. Mineral material was detected by SEM and histological staining in both groups, and showed structural differences. DAG influenced the differentiation of USSCs and the formation, structure and composition of the assembled mineral. SEM showed that cells of the + DAG spheres exhibited morphological signs of osteoblast-like cells. EDX and WDX confirmed a Ca-P mineral in both groups. Overall, the mineral material found showed structural similarities to the mineral substance of bony material.
Introduction
By definition, the process of synthesizing mineralized structures performed by creatures via inorganic solid states is called biomineralization. In general, a distinction is made between "biologically induced mineralization" and "biologically controlled mineralization". In the first process a mineral is formed as a side-product or an endproduct of cellular metabolism and interaction of the cells with the environment (Lowenstam, 1981) . This procedure results in heterogeneous minerals. In contrast, the second process leads to very complex structured intra-or extracellular minerals with specific properties such as bone or dentin.
It is also well known that the inorganic share of biominerals in mammals formed by the abovementioned processes mainly consists of calcium phosphate (Ca-P), which is chemically the same as hydroxyl apatite (HA) (LeGeros, 2001; Dorozhkin and Epple, 2002) . However, there are differences between biominerals and HA regarding the Ca/P ratios, for example, caused by Ca deficits (LeGeros, 1991) . In addition, the process of biomineralization can be physiological or pathological (LeGeros, 2001) . Pathological mineral formation can be seen when excessive cell growth takes place, for instance, in tumors (Skinner, 2000 (Skinner, , 2005 . In this case, dead cells disintegrate, release phosphate and, due to a higher concentration of Ca, exceed the solubility product in the extracellular space and precipitation takes place (Skinner, 2005) .
During the formation of minerals alongside collagen fibers, in vivo osteoblasts primarily form an extracellular matrix (ECM) consisting of collagen and proteoglycane, followed by a restructuring of the proteins at so-called "active sides" (Hohling et al., 1995 Plate et al., 1998; Wiesmann et al., 1993 Wiesmann et al., , 2005 .
Another hypothesis for the process of mineralization concentrates on the appearance of matrix vesicles (MV). According to this hypothesis cells emit MVs into the extracellular space (Barckhaus et al., 1981; Bonucci, 1981) via exocytosis. It is suggested that a selective ion pump regulates ion deposition, the concentration of polymers and the pH value in the MVs (Wuthier, 1977) . Depending on the state of the MVs, precipitation/mineralization takes place.
Weiner et al. observed another process of mineralization using precursor Ca-P minerals (Weiner and Lowenstam, 1989) . The formation of these precursor minerals is kinetically favorable compared to the direct formation of HA (Mann, 2001) . The existence of these precursor minerals has been verified by different working groups; in particular, amorphous calcium phosphate (ACP), di-calcium phosphate (DCP) and octa-calcium phosphate (OCP) have been detected (LeGeros, 2001; Wuthier et al., 1985) .
It is generally accepted that the formation of minerals in a stem cell culture indicates an ostoblastic differentiation of the stem cells (Buttery et al., 2001; zur Nieden et al., 2003) . Furthermore, it has been shown that the addition of dexamethasone, β-glycerol phosphate and ascorbic acid to the culture medium seems to trigger the osteogenic differentiation of various stem cells (e.g. mesenchymal stem cells (MSC) and embryonic stem cells (ESC)) (Bielby et al., 2004; Handschel et al., 2008; Jaiswal et al., 1997; Kogler et al., 2004; Pittenger et al., 1999) . In a previous study, we were able to show that osteogenic stimulation with DAG exceeds the stimulation with BMP-2 in ESCs (Handschel et al., 2008) . The mineral-inductive potential of ESCs was also demonstrated in a previous animal study in rats, and ESCs were able to promote ectopic bone formation in vivo when they were used with demineralized bone (Kahle et al., 2010) .
A few years ago a promising stem cell source was established by Kögler and colleagues Kögler, 2009) . These stem cells were derived from umbilical cord blood, have the ability to develop into mesodermal, endodermal and ectodermal cells and were subsequently termed human unrestricted somatic stem cells (USSCs). These CD45-and HLA class II-negative stem cells display proliferative capacity in vitro without spontaneous differentiation. It is possible to expand the cells to 10 15 cells without losing multipotency. In vitro, a differentiation into osteoblasts, chondroblasts, hematopoietic and neural cells is possible using specific stimuli . In a previous study, we were able to show that stimulation with DAG leads to mineralization even in vivo . Compared to the ESCs, the USSCs do not show any immunological rejection and have fewer ethical and legal restrictions. So the USSCs are much closer to clinical practice than the ESCs, e.g. hematopoietic cells from cord blood are already used in the therapy of hematopoietic and genetic disorders (Benito et al., 2004) .
Loss of bone due to tumor surgery or trauma is still a clinical challenge in modern reconstructive surgery. The repair of bone defects still poses a significant problem for many clinicians. Modern cell-based bone reconstruction techniques may offer new therapeutic opportunities for the repair of bone damaged by disease or injury. Generally, the combination of scaffolds, bioactive factors, and living cells provides a surgically implantable product for use in tissue regeneration and functional restoration (Handschel et al., 2009; Tuan et al., 2003; Vacanti and Vacanti, 1994 ). Yet, there is still controversy concerning the use of artificial scaffolds contra the sole use of a natural matrix. Therefore, a new approach with so-called microsphere technology has been invented to overcome these problems by avoiding the need for scaffolds. Technically, cells are dissociated and the dispersed cells are then re-aggregated into cellular spheres. Importantly, since the newly formed tissue is devoid of any artificial material, it more closely resembles the in vivo situation (review in Handschel et al., 2007) .
Apparently, it is generally accepted that the addition of DAG to the culture medium stimulates the osteogenic differentiation of stem cells (Jaiswal et al., 1997; Bourne et al., 2004) . However, most of the studies neglected to analyze the minerals formed and the process of mineralization. The aim of this study was to analyze the process of mineralization and to characterize the mineral formed using histological staining, scanning electron microscopy (SEM), energy-dispersive diffraction analysis (EDX), wavelength dispersive diffraction analysis (WDX), transmission electron microscopy (TEM) with selected area diffraction analysis (SAED), Raman spectroscopy and an apoptosis assay. Because of the abovementioned advantages of the USSCs compared to other stem cells and the results of our previous studies, we decided to use USSCs. In order to simulate the in vivo situation more closely, we used the 3D microsphere culture technique.
Results

Histological staining
Differences between the (+) and (−) DAG groups regarding the quantity and distribution of mineral material in the spheres at a certain time of cultivation were detected. Fig. 1 shows spheres stained with toluidine blue and counterstained with alizarin red from the (+) and (−) DAG groups. On day 3, both groups showed a dense cellular matrix. While this dense cellular matrix did not change during the course of the experiment in the −DAG group, the cells of the +DAG group became more and more bulked up. The +DAG group showed earlier mineral deposition in the spheres (day 3) compared to the −DAG group (day 7) and there were differences in the distribution of the minerals. The mineralization of the −DAG group started in the center and was homogenously distributed over the cross-sectional area of the spheres after 21 days of cultivation. In contrast, the +DAG spheres showed mineralization beginning at the border region of the spheres. Even after 28 days, no distribution over the whole spheres could be observed. Higher magnification of a −DAG sphere showed that there were large round formations or agglomerations of mineral material composed of smaller granular or globular mineralized structures (Fig. 1e) . Furthermore, some of the larger rounded mineral formations showed cavities containing cellular material.
Field emission scanning electron microscopy (FESEM)
The FESEM pictures showed no morphological differences between the two groups on day 7. The spheres were small and the cells appeared elliptical with a fibroblast-like morphology. Except for a newly generated plain and compact surface of the spheres, no cell-morphological changes appeared in the −DAG group after 28 days of cultivation. In contrast, cells of the +DAG group showed a low density and a cuboidal, osteoblast-like morphology after 28 days (Fig. 2) . Overall, spheres of the +DAG group seemed to increase in size during incubation compared to the −DAG group.
Mineralization on the surface area of the spheres
In both groups, mineralization on the exterior area of the microspheres appeared after 14 days of cultivation, whereas there were quantitative disparities between the two groups ( Fig. 3a, b) . The +DAG group exhibited greater amounts of mineral material than the −DAG group and after 28 days the whole surfaces of +DAG spheres were almost covered. In contrast, even after 28 days, there were hardly any minerals visible on the surface of the −DAG group (Fig. 3c, d ). But this does not mean that there was no mineralization in the −DAG spheres. Fig. 3c shows a sphere after 28 days, opened during preparation so that a look inside the sphere was possible. It can be seen that mineral material had formed inside the spheres. At a higher magnification the mineral substance looked like globular structures of different sizes lying between the cells and it seemed to be connected to the extracellular matrix (Fig. 4) . Fig. 4c indicates that there is an association between the mineral and the collagen fibers of the ECM. Furthermore, it seemed that the mineral globular structures agglomerated with each other to form larger mineral formations.
Mineralization in the interior of the spheres
In contrast to the mineralization on the exterior area of the spheres, mineralization in the center started in both groups after only a few days. Once again, there were the same quantitative differences between the two groups after 7 days of cultivation, as described above. The +DAG group formed a greater amount of mineral substance compared to the −DAG group. After 14 days of incubation, it seemed that the differences in mineral quantity between the two groups were diminished (Suppl. 1a, b). Still, the distribution of the mineral was Figure 1 Spheres stained with toluidine blue and alizarin red after 3 (a, b) and 21 (c, d) days of cultivation with and without DAG. Note the different distribution of the mineralization and the differences in cell density, especially on day 21. Section e is an image of a sphere on day 7, −DAG, at a higher magnification. Note the granular or globular mineralized structures as well as the bigger mineral formations found in the −DAG group. different between the groups. The −DAG spheres showed a nearly homogenous distribution of the mineral substance over the whole cross-sectional area of the sphere, whereas in the +DAG group mineralization predominantly took place at the boundary areas. Higher magnifications showed that the size of the minerals formed differed between the groups. Whereas the +DAG group showed at least a few large, agglomerative mineral globules, the −DAG group showed very small individual globules. After 28 days of cultivation, both groups showed intense mineralization (Suppl. 1c, d) . In the center of the +DAG group, loosely arranged cells without signs of mineralization were observed. The areas of the mineral substance had diameters of between 5 and 25 μm (average diameter of 10 μm) and showed, as already mentioned in the histological results, round cavities with no mineral material inside these areas.
EDX and WDX mineral analysis
The following data are based on 134 analysis points of mineralized areas of the − DAG and +DAG groups on days 3, 14, 21 and 28. The EDX analysis showed high peaks for calcium, phosphate and oxygen. Both groups showed a small, but significant magnesium peak. Small amounts of sodium, sulfur and chlorine were also observed in both groups. The Ca/P ratios of both groups lay between 1.1 and 1.6 (1.4 mean). Over the whole period of this study, the Ca/P ratios of the −DAG group were higher than the ratios of the +DAG group (Fig. 5b) . Even though there was a tendency for the Ca/P ratios to decrease over time in both groups, the −DAG group showed a increased ratio on day 21. In contrast, the Ca/P ratio in the +DAG group declined constantly after day 14 (Fig. 5b) . The amount of Ca and P in the substance increased over the time period of the experiment in both groups until day 21 and declined on day 28. Even though the −DAG group showed higher levels of Ca and P on days 14 and 21, the amount of both in the substance were equal between the groups after 28 days (Fig. 5a ).
As mentioned above, there was a slight peak in Mg in the EDX analysis of both groups. The calculated percentage of the fraction of Mg in the substance increased slightly with time in both groups (Fig. 5c) . Whereas, the increase in the Mg fraction in the −DAG group continued until day 14, the Mg fraction in the + DAG group increased throughout the entire experiment (Fig. 5d) .
In order to evaluate the EDX analysis data, a WDX analysis for specimens of the +DAG and −DAG groups, as well as of standard hydroxyl apatite, was performed. No significant differences in the percentage fractions on Ca and P in the substance were found between both groups. The WDX analysis was able to prove the trend of decreasing Ca/P ratios in the +DAG group even though the ratio on day 7 was slightly higher in the +DAG group. Compared to standard HA, the Ca fraction in the samples of both groups was lower. In addition, WDX substantiated the EDX findings regarding the increase in the Mg fraction in the mineral material ( Fig. 5d ).
Transmission electron microscopy with selected area electron diffraction
The morphological and crystal structures of the formed mineral samples from days 4 and 14 (of both groups) were investigated with TEM and SAED. In contrast to the −DAG group with no signs of mineralization on day 4, small mineralized areas were detected in the + DAG group (Fig. 6a, b) . At higher magnifications it could be seen that the crystallites were unordered (Fig. 6b) . In both groups, mineralization was detectable after 14 days. However, the mineral substance in the −DAG group had a more microcrystalline structure and was more compact compared to the +DAG group (Fig. 6c, d ). In addition, the + DAG group showed that the mineral resembled a dendritic growth.
By day 4, the SAED patterns of the mineral substance already showed a few diffuse ring formations in the +DAG group (Fig. 7a) . After 14 days the minerals of both groups showed a more or less well-defined SAED pattern, but rings in the +DAG group already showed more clearly defined reflexes than the −DAG group (Fig. 7b, c) . The patterns of the −DAG and + DAG groups were very similar to an SAED pattern of bone mineral, as the comparison with a diffraction pattern of rat bone shows (Fig. 7d) .
Raman spectroscopy
Raman spectroscopy was also used to analyze the mineral material. In both groups, the spectra showed a symmetrical, maximum peak at around 960 cm − 1 , which is in agreement with the presence of HA because reference spectra in the literature (Crystal Sleuth Program) and the collected spectra of the HA standard with different embedding materials showed a maximum peak at 961 cm − 1 (Suppl. 2). At early points throughout cultivation of the +DAG group the 960 cm − 1 peak seemed to show a small shoulder that became more defined with time. The shoulder of the +DAG group may represent additional underlying peaks.
Apoptosis assay
No signs of apoptosis were observable in either group after 3 and 7 days of cultivation. After 14 days, a very slight rate of apoptosis was detectable in the +DAG group. However, on days 21 and 28 no quantitative differences were found when both groups were compared to each other and to the results of day 14 (Suppl. 3).
Discussion
The FESEM analysis of the spheres in this study verified a morphological development of the cells to cuboidal, osteoblastlike cells after 28 days, especially in the +DAG group. According to different workgroups, the morphological changes towards an osteoblast-like appearance and the mineralization are regarded as indicators of osteoblastic differentiation (Bielby et al., 2004; Handschel et al., 2008; Jaiswal et al., 1997; Pittenger et al., 1999; Jager et al., 2004; Vats et al., 2005) . Toluidine blue and alizarin red staining demonstrated that mineralization occurred in the spheres of both groups, with and without the supplementation of DAG (dexamethasone, ascorbate, β-glycerophosphate). Despite these similarities, several differences between the two groups were observed by analyzing the histological staining, for example regarding the time point of the beginning of mineralization, the quantity of minerals formed and the distribution the mineralization within the spheres.
The distribution of the mineral substance was more homogenous in the −DAG group, and in this group the mineral material formed had a more microcrystalline structure compared to the +DAG group. Furthermore, in the +DAG group, smaller mineral globules merged to form to larger aggregations of the mineral substance and an association was observed between the mineral material and the collagen fibers of the ECM. Interestingly, no differences were detected between the groups regarding the quantity of mineralization after 21 days of cultivation.
All of these facts may be signs of an acceleration of mineralization due to the DAG in the spheres. A possible reason for the differences in the distribution of mineral formation may be a simple problem of diffusion. Only the outer cell layers of the spheres were in direct contact with the ambient medium and were therefore exposed to a higher concentration of DAG compared to the inner cells. Consequently, only the outer cells could become stimulated by DAG and mineralization started earlier and was more pronounced in these cells. In addition, previously published results of our work showed that cell migration out of USSC microspheres is reduced by prolonged osteogenic induction (DAG) over time .
Following the fact that mineral material was present even in spheres of the − DAG group in this study there must be further factors that trigger the process of mineralization. It is well known that osteogenic differentiation occurs subsequently to proliferation and therefore high seeding densities of cells are suggested to support osteogenic differentiation. Wilson and colleagues demonstrated that higher seeding densities resulted in increased bone formation in vivo and that during cell proliferation osteogenic differentiation was restricted or inhibited (Wilson et al., 2002) . Furthermore, high cell seeding densities led to a higher proportion of osteocalcin-positive tissue compared to low seeding densities (Holy et al., 2000) . Additionally, as a consequence of high cell densities, both expression of the important osteogenic regulatory factor RUNX2 (runt related nuclear transcription factor 2) and transcription of osteonectin (secreted protein, acidic, cystein rich -SPARC) were upregulated in vitro (Bitar et al., 2008) . The presence of mineral material even in the −DAG group spheres of this study may be caused by high cell densities in the centers of these spheres which may lead to osteogenic differentiation of these cells. Another reason for the spontaneous differentiation may lie in the communication between the cells and the interaction between the cells and the extracellular matrix . Cells interact with the ECM via integrins, which span the plasma membrane. These integrins provide binding sites for ECM proteins like collagen type I and they signal bi-directionally across the plasma membrane, thereby influencing many important cellular processes, such as proliferation, migration and gene expression (Hervy et al., 2006; Schwartz and Assoian, 2001 ). The de novo synthesis and deposition of ECM proteins by mesenchymal Figure 6 Transmission electron microscopy of the + DAG group after 14 days. Note the scorching crystallites embedded in a matrix (b). The mineral substance detected in the − DAG group after 14 days (c) looked more compact and microcrystalline compared to the + DAG group (d).
stem cells were shown to change the chemical identity of substrate materials, as well as integrin expression and signal transduction, and they were also shown to influence osteogenesis (Kundu et al., 2009 ). The mitogen-activated protein kinase (MAPK) cascade plays a critical role in osteogenic differentiation by activating the RUNX2 transcription activator (Xiao et al., 2000; Franceschi and Xiao, 2003) . Salasnyk and colleagues demonstrated that the adhesion to collagen type I and vitronectin is sufficient for inducing osteogenic differentiation by mesenchymal stem cells. In this process, upon ECM molecules, the focal adhesion kinase (FAK) pathway is activated, which in turn phosphorylates the extracellular signal-related kinase (EKR), which then regulates RUNX2 transcription. Our group was able to show the importance of different ECM proteins such as osteonectin and collagen type I in the osteogenic differentiation of USSCs (Naujoks et al., 2011) . In addition, in another experiment by our workgroup, the expression of osteonectin, a matrix-associated protein influencing the synthesis of ECM proteins (Bradshaw et al., 2003) , and the expression of collagen type I by DAG-stimulated USSCs on different biomaterials were investigated (Naujoks et al., 2011) . We found an increased expression of osteonectin on collagen type I sponges compared to other biomaterials. The expression of these matrix proteins may prove the osteogenic differentiation of USSCs.
In contrast to the above, the loose cell network in the + DAG group that was observed via histological staining may be a sign of reduced cell vitality. It is well known that cell death often leads to mineralization that is not combined with the formation of bone (Kirsch, 2006) . Inorganic phosphate and glucocorticoids were thought to trigger apoptosis (Meleti et al., 2000; Boyan et al., 2000; Adams et al., 2001; Giachelli, 2005; Weinstein et al., 1998) . However, the apoptosis assay performed in the present study showed no signs of apoptosis over the whole period of the experiment, so that a correlation between mineralization and apoptosis in this case was unlikely.
The characterization and identification of the minerals formed were not possible from histological staining or FESEM analysis, nor could the influence of DAG stimulation on the structure of the mineral material be analyzed.
According to LeGeros et al., a mineral can be characterized by its lattice structure and chemical composition (LeGeros, 1991) . The EDX analysis showed that the mineral Figure 7 Selected area electron diffraction patterns of mineralized areas of the + DAG group after 7 (a) and 14 (b) days as well as after 14 days in the −DAG group (c). Note the reflexes of the patterns developing over time in both groups. The SAED pattern of the mineral material at day 14 and a diffraction pattern of a rat calotte reveal structural similarities (d).
material formed mainly consisted of the elements Ca, P and O, providing evidence that the formed mineral was a Ca-P mineral. Furthermore, the spectra showed qualitative similarities to HA spectra . But quantitatively, the spectra showed significant differences to the standardized HA and between both groups. There are a lot of different calcium phosphates and each has its specific Ca/P ratio, as proven by other workgroups (LeGeros, 2001; . Hence, the different Ca/P ratios compared to HA may indicate the presence of different calcium phosphates in the formed mineral. Due to the Ca/P ratios observed (1.1 to 1.4 +DAG/1.3 to 1.6 -DAG), the presence of amorphous Ca-P (ACP), octacalcium phosphate (OCP) and calcium-deficient hydroxyl apatite (CDHA) could be assumed. Different workgroups supposed that Ca-P minerals can follow precursor minerals such as OCP, brushite and monetit (LeGeros, 2001; Lagier and Baud, 2003) . The fact that in the present study there were different Ca/P ratios not only between the groups but also in the chronological order of the minerals may be an indicator of the presence of different minerals as well as different stages in the development of these minerals. The fact that there was no continuous increase in the ratio over time in both groups seems to refute this hypothesis. In particular, the +DAG group showed a decrease in the Ca/P ratio after 14 days.
A possible source for other detected elements (Na, Cl, S, Mg) could be the organic matrix of the cells, the embedding material or the medium. The occurrence of different stages of minerals, intermediate stages of minerals or substitution processes may account for the quantitative differences found (Wiesmann et al., 1993) .
It is well known that biominerals often differ from the stoichiometric formula because ions in the crystallite lattice may be substituted by others (LeGeros, 2001) . In the present study, the EDX analysis in both groups showed a significant peak in Mg; thus, Mg was potentially substituted for Ca, leading to the lower Ca/P ratios over the time period of the experiment. This was confirmed by WDX analysis, indicating that Mg was part of the mineral formed in both groups. The portion of Mg in the mineral increased over time whereas the portion of Ca decreased in the WDX analysis of the + DAG group. In the − DAG group, a minor increase in Mg and a lower Mg/Ca ratio was detected compared to the + DAG group. It seems that DAG amplified the substitution of Mg for Ca during the process of mineralization, although in both groups a substitution of Mg for Ca took place, as already reported by others (Bigi et al., 1996; Wiesmann et al., 1997) . A possible source of Mg may be the cultivation medium. The question arises as to why there were differences in the Mg integration between the +DAG and −DAG groups. There was probably a quantitative lack of Ca caused by the accelerated mineralization in the +DAG group, leading to a substitution by Mg.
However, the possibility that changes in the elements could have been caused by the preparation of the samples (Wiesmann et al., 1993; Plate et al., 1992) or by mechanical-physical ascendancies, which may lead to measuring errors, cannot be excluded. In particular, the fact that the analyzed minerals were very small suggests that parts of the surrounding tissue were analyzed as well as the mineral, leading to higher P concentrations and therefore lower Ca/P ratios.
In order to analyze and identify the obtained mineral, additional Raman spectroscopy was performed (Putnis, 1992) . It is known that calcium phosphate minerals show a characteristic peak at 960 cm − 1 (Koutsopoulos, 2002; Sauer et al., 1994) . All of the samples analyzed in the present study showed a strong peak at 960 cm − 1 , and so this suggests that the minerals formed in both groups belonged to a group of calcium phosphates. A more detailed differentiation would be possible by analyzing the varying lengths of linkage between phosphate and oxygen (Sauer et al., 1994) . A comparison of the spectra collected with regard to the two groups and cultivation days as well as with standard HA embedded in different materials showed that the mineral formed is structurally similar to hydroxyl apatite. The spectra collected from the +DAG group showed a maximum peak of 960 cm − 1 with a shoulder. The shoulder could represent additional peaks such as ACP (945-952 cm − 1 ), OCP (955-957 cm − 1 ) and HA (960-963 cm − 1 ) (Freeman et al., 2001) . In contrast, the spectra collected from the −DAG group showed an asymmetric but wider peak at 960 cm − 1 . The widening of the peak in the −DAG group could have resulted from a minor order in the crystallite lattice (Sauer et al., 1994; Freeman et al., 2001 ). Wopenka and co-workers analyzed human bone regarding this mineral with Raman spectroscopy and were able to show that, besides HA, other minerals were also present within the bone (Wopenka and Pasteris, 2005) .
These findings correlate with the results of the TEM, indicating a more nanocrystalline or amorphous mineral in the −DAG group.
Characterization of the mineral formed by TEM and SAED showed a great similarity to bone mineral. Therefore, the abovementioned results are not contrary to the findings in the SAED that the mineral formed was very similar to the pattern of a human calotte. Due to the fact that bone mineral is mainly composed of HA , one can expect that the mineral formed exhibited an apatite-like structure. Dorozhkin and co-workers showed that the physiological mineral of mammals is not only composed of pure apatite but also of CDHA, OCP, CAP and brushite (Dorozhkin and Epple, 2002) . Both these facts and the results of the EDX and WDX analyses in the present study suggest that the mineral formed was similar to the mineral in bone, but that may have been composed of different mineral phases. However, a definite statement regarding the structure of the mineral analyzed with SAED is difficult because of the limitations of these methods. For example, a possible irradiation of minerals existing in only minor amounts and an overlap of the reflexes of similar minerals in the SAED pattern have to be considered.
However, the combination of these results with the results of the EDX and WDX supports the abovementioned hypothesis that the mineral formed showed structural similarities to bone and that it mainly consisted of CDHA, OCP, CAP and HA.
The SAED pattern also demonstrated a development of the mineral with the formation of more defined reflexes over time. This may be suggestive of a development from a more or less amorphous mass to a more crystalline mineral in both groups, as shown by others (Bonar et al., 1985) . In contrast to the − DAG group, the mineral that formed earlier in the +DAG group was more crystalline. The diffuse ring formation pattern without defined reflexes at the beginning of the experiment underlines the hypothesis for the existence of amorphous mineral phases during formation of the mineral substance.
The results of the TEM together with those from SAED provide evidence of an accelerated growth rate of the mineral in the +DAG group. It is well known that a fast growth of a mineral leads to directed growth for energetic reasons (Mann, 2001; Brown, 1962; Suvorova and Buffat, 2001) , leading to thin, elongated crystallites (Mann, 2001; Arnold et al., 2001 ).This permits the reverse conclusion that the thin, elongated crystallites observed by TEM reflected an accelerated growth rate of the mineral in the + DAG group. These findings correlate with the SAED of these mineral substances, also giving indications of an accelerated growth rate in the +DAG group in the more defined reflection patterns. In contrast, the results of the SAED and TEM of the −DAG group indicate a slower, perhaps more physiological, growth rate. This means that the mineralization in the +DAG group did not only start at an earlier point in time but also that the growth of the minerals was accelerated.
In summary, the EDX and WDX analyses of Ca/P ratios showed that the minerals formed in the osteogenically stimulated group (+ DAG) and the control group (−DAG) were a type of calcium phosphate but not a pure HA. Furthermore, TEM and SAED revealed that the mineral formed in both groups showed similarities to bone mineral, which is almost an HA. It seems that there were different levels of mineral formation in the two groups. The low Ca/P ratio in both groups, the microcrystalline appearance, the diffuse reflexes in the SAED and the wide peak in Raman spectroscopy lead to the assumption that the first minerals formed had an amorphous fraction. Considering all these results, it seems that the mineral of the − DAG group mainly consisted of calcium-deficient HA (CDHA) with an amorphous mineral fraction (ACP). The mineral formed in the + DAG group mainly consisted of ACP, OCP, Mg whitlockite, CDHA and HA.
Both groups showed mineralization patterns, indicating that mineralization itself is not induced by DAG only. However, the results of this study also show that DAG leads to certain differences regarding the quantity and quality of mineralization.
Materials and methods
Culture of USSCs
Unrestricted somatic stem cells (USSCs) were kindly provided by the José Carreras stem cell bank (Heinrich-Heine University of Düsseldorf, Germany). The cells were isolated from cord blood with informed consent of the mother and afterwards isolated and cultivated in accordance with a standardized protocol published by Kogler et al. (2004) . Briefly, Ficoll (Biochrom) gradient centrifugation was used to isolate the mononuclear cell fraction. Cells were plated out at 5-7 × 10 6 cells/mL on T25 culture flaks (Costar) in low glucose DMEM (Cambrex), supplemented with 30% FCS, dexamethasone (10 − 7 M; Sigma-Aldrich), penicillin (100 U/mL; Grünenthal), streptomycin (100 mg/mL; Hefa-pharm) and ultraglutamine (2 mM; Cambrex). Later on in the expansion of the cells, dexamethasone was left out of the medium. The cells were incubated in a humidified atmosphere at 37°C in 5% CO 2 . When confluency reached 80%, the cells were split by detaching the cells with 0.25% trypsin (Lonza) and re-plating them in at a ratio of 1:3. The medium was changed every day.
Stimulation of osteogenic differentiation and preparation of USSC microspheres
As mentioned, the USSC spheres were prepared using the microsphere culture technique. Therefore, a 60 μL solution consisting of 2% agarose in DMEM (without any supplements) was poured into each slot of a 96-well plate and left until hardened. The USSCs were detached from the plates, centrifuged and re-suspended in normal growth medium (1 million cells/ mL). Then, a 180 μL cell suspension containing 180,000 cells was added on top of the solidified agarose gel and the cultures were incubated overnight. Due to the non-adhesive properties of the gel, the cells congregated in the center of the well and formed a sphere. A 160 μL volume of the medium was changed every second day.
After 3 days, 0.1 μM dexamethasone, 50 μM ascorbic acid and 10 mM β-glycerolphosphate (all from Sigma) were added to the normal growth medium (+ DAG group) to achieve osteogenic pre-differentiation according to previously published works (Buttery et al., 2001; Bielby et al., 2004; Chaudhry et al., 2004; Depprich et al., 2008) . A control group of USSC microspheres was cultured without DAG-mediated osteogenic stimulation (−DAG group). Subsequently, the spheres were cultured for 3, 7, 14, 21 and 28 days with a medium change every other day.
Histological staining
In order to improve the handling of the spheres they were first placed into a HistoGel® (Richard Allen Scientific, KNr.HG-4000-012). Afterwards, the samples were fixed in 4% paraformaldehyde and after dehydration in increasing alcohol concentrations they were embedded in paraffin. Slides were made using a Leica Microtome RM L155. The 1-3 μm thick slides produced were deparaffinized and stained. Furthermore, aralditeembedded spheres were sectioned into thin slices and stained. Both araldite and paraffin-embedded spheres were stained with toluidine blue and alizarine red, as mentioned in the literature. Briefly, after staining with toluidine blue the slides were counterstained with alizarin red (a mixture of 0.5 g alizarin red and 5 mL 0.28% NH3 with 45 mL distilled water (pH: 6.4)). The slides were incubated in xylene before finally being covered with entellan.
Critical point drying and preparation of the specimens for SEM Due to the small diameter of the spheres a container was used to avoid a loss of spheres. After pipetting each sphere into a CellSafe biopsy (Leica Microsystems), the edges of the container were agglutinated. Thus, safe critical point drying could be performed without crushing or losing the spheres. Then the samples were fixed with 4% glutaraldehyde, washed with 0.1 M PBS and dehydrated in increasing concentrations of alcohol (30 min in 30, 50, 70, 90, 96% ethanol, and 100% isopropanol) . The critical point drying procedure was performed following the instructors protocol. During this procedure subsequently isopropanol was substituted for CO 2 . After drying, the specimens were directly placed onto a carbon pad of a SEM holder (Cambridge). The specimens were sputtered with platinum for morphological analysis and with carbon for the EDX analysis. In order to get a view of the inner part of the spheres, some specimens were cut through the middle with a razor blade. Furthermore, for quantitative analysis, some specimens were embedded in a polymer (EPOfix®, Struers) in accordance with the manufacturer's instructions. In addition, inorganic standards of hydroxyl apatite (Bio-RAD) and calcium pyrophosphate (ChemPur) were embedded in EPOfix® to analyze the influence of the specimen preparations on the results.
Preparation of the specimens for TEM
The spheres were fixed with 2.5% glutaraldehyde and then synchronously with osmium and aldehyde for cellmorphology analysis. First, the specimens were washed three times with 0.1 M PBS for 10 min, then dehydrated in increasing alcohol concentrations (50, 70, 90, 96, 100% ; 30 min each step) and transferred to propylene oxide. Afterwards, they were transferred to pure araldite by using intermediate ratios of mixtures (100% propylene oxide, 2/1 propylene oxide/araldite, 1/1, 1/2, 100% araldite). In order to harden the araldite, the specimens were kept at 42°C for 24 h and afterwards they were sectioned with a microtome (Ultracut S, Reichert). For morphological studies, ultrathin sections were stained with osmium tetroxide (OsO 4 ). For ultrastructural assessment of the mineral substances no staining was performed and water contact during preparation, particularly sectioning, was reduced to a minimum in order to avoid mineral dissolution or redistribution.
Preparation of specimens for Raman spectroscopy
Normally, special fixing is not necessary for Raman spectroscopy. Paraffin-embedded samples, deparaffinized samples and araldite-embedded samples were used for the spectroscopy investigations. Paraffin slides were sectioned into 5 μm slides and araldite into 3 μm slides so that slides were thick enough for penetration of the laser. Reference spectra were taken of the EPOfix® embedded standards of hydroxyl apatite (Bio-RAD) and calcium pyrophosphate (ChemPur), and of the pure standards simply placed onto a glass holder.
Field emission scanning electron microscopy (FESEM)
In order to further analyze mineralization, scanning electron microscopy was performed by a JEOL 6300F (0.5-20 kV) equipped with an energy-dispersive X-ray detector (EDX, Oxford Inca). The pictures were processed using AnalySIS software (Olympus Soft Imaging Solutions, Münster). In order to obtain information about the morphology, the cellular matrix and the mineral on the surface of the spheres, an acceleration voltage of 1-5 kV was applied and secondary electrons (SE) were detected. An acceleration voltage of 10 kV was used for backscattered electrons (BSE) to gain a good material contrast. Semi-quantitative (EDX) analysis was performed with an acceleration voltage of 10 kV in order to have the optimum excitation energy for a range of elements. The EDX analyses were performed with INCA software. An interim analysis of the prepared standards was performed to avoid measuring errors.
Transmission electron microscopy with selected area diffraction analysis (SAED) Samples were prepared as described above and examined in a transmission electron microscope (TEM) (EM902; Zeiss, Germany) operated at an acceleration voltage of 80 kV. The SAEDs were collected using a 1 μm aperture to select mineralized areas. Analysis of the diffraction patterns and calculation of the lattice interspaces were performed in accordance with Bragg's law. A comparison of the collected data with the lattice interspaces of different Ca-P minerals in the ASTM register (American Society for testing materials, data 1967 (e.g. HA = ASTM No. 9-432, 1967)) was made.
Raman spectroscopy
The Raman spectra were produced and collected with a confocal Jobin Yvon HR800 Raman spectrometer using an Nd-YAG (532 nm) laser running at a power of 8.5 mW with a 1000 μm aperture. The time for measurement of each spectrum was 2 × 30 s. The data were analyzed using Cristal Sleuth software (RRUFF Project) and compared to spectra gained from self-prepared standards of pure HA (BioRAD) on glass slides or epoxy resin-embedded and polished HA and calcium pyrophosphate (Chempur, Karlsruhe, Germany), and also to spectra from natural minerals in the program library. In order to exclude the influence of the embedding materials on the analysis, spectra of all of the embedding materials used were recorded.
Wave-length dispersive X-ray spectroscopy
For wavelength-dispersive X-ray spectroscopy (WDX) analysis the samples were embedded in Struers EPOfix®. The polished blocks were then examined using a JEOL JXA 8900 electron microprobe operated at an accelerating voltage of 15 kV and a probe current of 435 × 10 − 9 A. Processing of the data was performed using AnalySIS software (Olympus Soft Imaging Solutions, Münster).
Apoptosis assay
A DNA fragmentation analysis (DNA fragmentation kit III, Promocell, Germany) for the detection of apoptotic cells in the samples was used according to the manufacturer's instructions. Briefly, slices of the spheres were deparaffinized, rehydrated in decreasing ethanol concentration steps (100%, 95%, 85%, 70% and 50%), washed with PBS and fixed in 4% formaldehyde/PBS. A 20 μg/mL volume of proteinase K solution was applied for 5 min at room temperature, followed by another washing and fixing step with PBS, and then they were placed in 4% formaldehyde/PBS. After incubation with DNA Labeling Solution, the staining solution was applied for 60 min at 37°C. The slides were washed twice with Rinse Buffer and incubated with propidium iodide/RNase A solution for 30 min. Analysis was performed with fluorescence microscopy using a Leica DM5000B.
Supplementary materials related to this article can be foundonline at doi:10.1016/j.scr.2011.09.004.
